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We present experimental and computational evidence that
gate-opening modes for zeolitic imidazole frameworks can
be observed at terahertz frequencies. Our work highlights
the critical importance to correctly optimise the crystal
structure prior to computational lattice dynamics analysis.
The results support the hypothesis that the low energy
vibrational modes do indeed play a significant role in
host-guest interactions for ZIFs, such as gas loading.
Zeolitic imidazolate frameworks (ZIFs) are a subclass of the
metal-organic framework (MOF) family which comprise tetrahe-
dral metal centres bridged by imidazolate linkers with topologies
similar to zeolites.1,2 In order to tune the properties of ZIFs,
the metal cations can be varied between Zn2+, Li+ and B3+,
while various functional groups can be added on the imidazo-
late linkers.1,3,4 Due to their relatively high thermal and chemi-
cal stability, ZIFs have been heavily studied for applications in gas
storage,5 separations,6 and catalysis.7 While ZIFs are crystalline
solids, some of them (e.g. ZIF-4, ZIF-7 and ZIF-8) have flexible
molecular structures which lead to concerted ‘swing’ motions of
the imidazole linkers and changes in the windows or cage struc-
tures.8–11 This has been associated with changes in the accessi-
bility of the pores, making these motions crucial to the molec-
ular adsorption properties of these ZIFs. However, despite the
important applications of ZIFs, the fundamental lattice dynamics
of these structures have not been fully revealed.
A recent study combined the use of computational methods,
inelastic neutron scattering and infra-red spectroscopy to study
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the lattice dynamics of several different ZIFs.12 The terahertz
frequency region was marked as an area of great interest as ab
initio quantum mechanical calculations predicted a number soft
modes, pore breathing, and gate-opening motions for ZIF-4, ZIF-7
and ZIF-8 falling in the frequency region below 3THz. Inelastic
neutron scattering experiments were performed to probe the tera-
hertz modes of these ZIFs. However, while the experimental spec-
tra matched qualitatively with the simulated spectra in the crucial
< 3THz region, there was insufficient resolution of the spectral
features at these frequencies to match conclusively the experi-
mental and simulated spectra. Furthermore, the density func-
tional theory (DFT) simulations of ZIF-8 in the aforementioned
study were performed using an imposed reduced crystalline sym-
metry structure due to the occurrence of imaginary modes in the
vibrational calculation. While this method apparently yielded an
accurate simulation in the mid-IR region, there is evidence that
the simulations deviate from experiment below 3THz.
Terahertz time-domain spectroscopy (THz-TDS) has been used
extensively to study the chemical and structural properties of a va-
riety of systems,13 ranging from molecular crystals,14,15 to amor-
phous solids,16,17 liquids18,19 and proteins.20 It has shown suffi-
cient spectral resolution to differentiate between crystalline poly-
morphs, as well as probe phase transitions in disordered crys-
tals, and study dynamics in amorphous solids. Due to the non-
destructive nature of the technique, spectra across a wide range of
temperatures can be readily acquired, allowing for temperature-
induced changes in spectral response to be investigated. Given
the initial suggestions that swing and gate-opening motions in
ZIFs fall within the terahertz frequency region,12 THz-TDS is used
here to probe the terahertz vibrational modes of two ZIFs with
the sodalite (SOD) structure: ZIF-8 and ZIF-90. These two sys-
tems are particularly interesting due to the swing effect that oc-
curs during the adsorption of small molecules at low and medium
relative pressures, respectively, and the opening of the narrow
windows around 3.4Å diameter. The fundamental understanding
of flexibility of MOFs is key for the application of these materi-
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als in industrial separation. We then performed revised ab initio
quantum mechanical calculations for comparison with the exper-
imental data.
ZIF-8 and ZIF-90 were prepared using previously reported
methods.21,22 15-60mg of the respective ZIF sample was mixed
with 360 mg of high-density polyethylene and compressed un-
der 2 tons of force for 3 minutes to form approximately 3mm
thick pellets of 13mm diameter for the THz-TDS measurements.
Variable temperature THz-TDS measurements were performed
using previously employed equipment and methodology in the
range of 0.2 to 2.4THz (60mg sample)23 and using an Advantest
TAS7500TS in the range 0.5 to 4.5THz (15mg sample). Solid-
state DFT calculations were performed using the CRYSTAL1424
software package, which makes use of periodic boundary condi-
tions to replicate the crystalline nature of the studied materials.
The recently implemented M06-2X meta-hybrid exchange corre-
lation functional,25 designed for use with transition metal con-
taining systems, was coupled with the split-valence double-zeta
6-31G(d,p) basis set26 for all calculations. Vibrational normal
mode eigenvectors and eigenvalues were determined numerically
within the harmonic approximation based on fully geometry op-
timised solids.27,28 Infrared intensities were calculated using the
Berry Phase method.29
The terahertz spectrum of ZIF-8 at 90K shows a weak fea-
ture at 1.51THz, a strong feature at 1.95THz, several weak fea-
tures between 2.5THz and 3.3THz, as well as a very strong fea-
ture at 3.9THz (Fig. 1a‡); while the spectrum of ZIF-90 at 80K
shows weak and spectrally poorly resolved features at 0.76 and
2.34THz, and a feature developing at 2.47THz (Fig. 1b). The
simulated spectrum of ZIF-8, which was calculated from the opti-
mised cubic structure (a= 17.038Å), is an excellent match to the
experimental spectrum. It is important to note that unlike the pre-
vious simulations, the result shown here was optimised within the
experimentally determined space group8,30 (cubic I-43m) and did
not produce any imaginary frequencies. The literature structure
of ZIF-90 exhibits significant disorder and geometrical distortion
on account of the imposed I-43m crystallographic symmetry. To
produce a chemically feasible model, the published structure was
expanded to space group P1, and the duplicate atoms of the alde-
hyde groups were deleted. The structure optimised without con-
straints resulted in a final monoclinic structure in space group P21
with symmetrised unit-cell parameters a= 17.612Å, b= 17.256Å,
c = 16.923Å, β = 90.046◦, V = 5143.395Å
3
. The distortions from
numerous higher-symmetry space groups are slight, which sug-
gests that the material could adopt a complex domain-type struc-
ture.
Analysis of the predicted terahertz vibrational modes in both
ZIF-8 and ZIF-90 show that they mostly involve shearing and tor-
sional motions of the imidazolate linkers, and not the rotational
motions required for gate opening. However, the strong vibra-
‡The spectra in the respective inset plots were acquired from a pellet prepared from
60 mg pure sample using our custom build THz-TDS setup while the main plots were
measured after diluting the sample in PE using the commercial terahertz spectrom-
eter.
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Fig. 1 Experimental and simulated terahertz spectra of (a) ZIF-8 (at
90K) and (b) ZIF-90 (at 80K). Solid lines represent experimental spectra
and dashed lines represent simulated spectra. Red bars indicate
frequencies and intensities of the individual calculated terahertz modes.
tional mode predicted for ZIF-8 at 1.89THz, as well as the vi-
brational modes at 1.13 and 1.31THz predicted for ZIF-90 result
from rotational motions of the linkers, which suggests that they
could be the crucial gate-opening motions. The motion of the pre-
dicted mode at 3.82THz in ZIF-8 is primarily a bending of the two
imidizolate ligands about the metal coordination bond, which ul-
timately results in a breathing-type mode of the MOF cavity.
Powder X-ray diffraction (PXRD) was carried out on ZIF-8 and
ZIF-90 to confirm their structures. The PXRD pattern for ZIF-8
matched well with the published structure31,32 under both am-
bient conditions and when the sample was placed under vacuum
at 298K. The PXRD pattern for ZIF-90 under ambient conditions
is similar to that of ZIF-8, but the Bragg peaks show different rel-
ative intensities. The differences are not attributable to any pre-
ferred orientation effect, since they were reproducible between
several samples, and furthermore, become similar to those seen
in ZIF-8 (ESI,† Fig. S1) when the sample is placed under vacuum.
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This suggests that there may be some guest loading in ZIF-90 un-
der ambient conditions. It has been found that water uptake in
ZIF-90 is over 30 times higher than that in ZIF-8 at water activities
above 0.413 due to the adsorption site in the aldehyde group from
the imidazole ring compared to the 2-methylimidazole from ZIF-
8.33 A coarse model with water introduced into the voids in the
ZIF-90 structure reproduced this change in Bragg intensities (see
ESI† and Fig. S2 and S3), and hence, it is foreseeable that water
molecules are adsorbed in ZIF-90 under ambient conditions.
Variable temperature THz-TDS measurements were performed
on ZIF-90 in order to investigate further the possibility of guest
loading. Below 220K, minor variations in the spectra are ob-
served. However, the terahertz absorption across the entire fre-
quency range probed increases significantly between 220 and
250K. Above 250K, the terahertz absorption then decreases, re-
turning to the original level at 280 K and beyond (Fig. 2). This
trend is consistently seen when the measurements are repeated
on the same sample.
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Fig. 2 (a) Terahertz spectra of ZIF-90 from 80 (blue) – 370 (red) K. (b)
Terahertz absorption coefficients at 0.5 (squares), 1.0 (diamonds) and
1.5 (circles) THz. Error bars indicate standard deviation over 3
experimental runs.
Given the affinity of ZIF-90 for water, it is possible that some
residual water molecules are present in the pores, which freeze
when cooled rapidly to 80K prior to the acquisition of the spectra.
Liquid water has very strong terahertz absorption which increases
monotonously with frequency. However, crystalline ice has much
weaker terahertz absorption, with negligible absorption below
1THz and small but increasing absorption above 1.3THz due to a
phonon mode centred at 3THz.34,35 As the temperature is raised
above 220K, it is possible that the ice begins to melt to give liquid
water and this causes the increase in terahertz absorption which
is more significant at higher frequencies. Although this is lower
than the expected melting point of water, previous reports have
found that confinement of organic molecules in porous materials
result in melting point depression36 and changes in the physi-
cal state37 due to the interaction of adsorbates with the microp-
orosity.38 Above 250K, the drop in absorption coefficient can be
attributed to the evaporation of the liquid water from the pores
under prolonged exposure to vacuum conditions which are ap-
plied during the variable temperature THz-TDS measurements.
This would be consistent with the changes in Bragg intensities
seen in the PXRD data at 298K when placed under vacuum. The
absorption returns to the same levels as those below 200K since
ice has negligible contributions to the terahertz absorption, so the
ice-loaded and empty ZIF-90 should have similar absorption lev-
els. The fact that this trend can be reproduced multiple times
with the same sample suggests that some adsorption of water in
ZIF-90 occurs spontaneously under ambient conditions.
In the sample of ZIF-8 we observed that the strong vibrational
feature that is observed around 2THz appears very broad and low
in intensity in the spectrum at 80K. Upon heating to 90K it red-
shifts to slightly lower frequency and sharpens up (Fig. 3). The
red-shift ceases at around 120K and the feature shifts to slightly
higher frequencies upon further heating (see inset in Fig. 3). The
very strong mode at just below 4THz appears unaffected by the
change in temperature between 80 and 90K. We cannot explain
this behaviour comprehensively at this point but speculate that
the change in vibrational features might be indicative of a change
in disorder in the structure of ZIF-8 that is associated with the
vibrational mode around 2THz. Further work is required to better
understand this behaviour.
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Fig. 3 Experimental spectra of ZIF-8 acquired at temperatures between
80 and 300K. Spectra are offset by 0.1 a.u. with increasing temperature
from 80K (bottom) to 300K (top).
In this paper, the terahertz spectrum of ZIF-8 is investigated
with a combination of THz-TDS and ab initio quantum mechan-
ical calculations. The use of THz-TDS allows for a well resolved
spectrum to be obtained, while revised quantum mechanical cal-
culations proved to be an excellent match for the experimental
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data. These methods were then extended to ZIF-90 and a rea-
sonable match was also obtained between the experimental and
calculated spectra. Closer analysis shows terahertz vibrational
modes at 1.89 THz in ZIF-8 and 1.13 and 1.31THz in ZIF-90
which involve rotational motions of the imidazolate linkers and
hence may be the key gate-opening, swing effect motions in these
systems. Subsequent PXRD experiments found unusual behaviour
in ZIF-90 which could be related to guest loading under ambient
conditions. Variable temperature THz-TDS spectra showed signif-
icant differences in the 220-280K temperature range. The spike
in absorption and subsequent decrease to the original levels sug-
gest the presence of adsorbed water in ZIF-90 stored under am-
bient conditions, which is first frozen as ice, then liquefies and
subsequently vaporises.
These results demonstrate the utility of THz-TDS in the study
of ZIFs and provide further evidence that the crucial gate-opening
vibrations in ZIFs lie at terahertz frequencies. Furthermore, vari-
able temperature THz-TDS is shown to be sensitive to host-guest
interactions in ZIFs. This demonstrates the potential of the tech-
nique in studying such interactions in ZIFs, which will have direct
applications in gas and drug loading in these systems.
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